The Radiation Monitor (RADMON) on-board Aalto-1 CubeSat is an energetic particle detector that fulfills the requirements of small size, low power consumption and low budget. Aalto-1 was launched on 23 June 2017 to a sun-synchronous polar orbit with 97.
Introduction
The dynamics of the radiation environment of the Earth (e.g., Vainio et al., 2009 ) is one of the scientific targets that can be successfully addressed by small satellites, such as CubeSats (e.g., Li et al., 2013 Li et al., , 2017 . In this paper we will report on energetic charged particle radiation measurements with a simple instrument on-board a CubeSat in Low Earth Orbit (LEO), scanning the radiation belts and making successful observations on their dynamics. We present the observations and compare them with another instrument at somewhat higher orbit demonstrating good correspondence between the two at electron energies above 1 MeV. The purpose of the paper is to present the measurement data and to release the data set to the community for further exploitation.
Aalto-1 mission

Aalto-1 CubeSat
Aalto-1 (Kestilä et al., 2013 ) is a three-unit, 4-kg CubeSat launched on 23 June 2017 to a sun-synchronous polar orbit with 97.4 • inclination and an average altitude somewhat above 500 km (Praks et al., 2018) . It is Finland's first national satellite mission, and has scientific, technology demonstration, and educational objectives. The satellite carries three payloads, a hyper-spectral camera (Kestilä et al., 2013; Praks et al., 2018) , a Plasma Brake -a de-orbiting device made of a thin charged tether interacting with the ionospheric plasma when deployed (Janhunen, 2010) -and a Radiation Monitor (RADMON) sensitive to >10 MeV protons and >1 MeV electrons. Apart from the payloads, the satellite consists of several subsystems including the electrical power system, the attitude determination and control system (ADCS), a two-channel radio link and a Linux-based on-board computer. The satellite platform and RADMON have been produced by teams of students at Aalto University, University of Turku, and University of Helsinki.
After commissioning of the subsystems, the Aalto-1 mission was divided into slots for each of the payloads. RADMON observations were concentrated on the fall-winter period of 2017, with some additional slots during spring 2018. In this paper we will concentrate in particular on the period from early October to late December, when the instrument was observing the radiation belts.
After launch, the spacecraft was in a tumbling state, while several attempts to stabilize the spacecraft with magnetorquers were made. The ADCS magnetometer and gyros have been used to determine the rotation rates around the three spacecraft axes. Since RADMON has its view cone directed along the long Z axis of the spacecraft, the projection of the angular velocity to the XY plane, Ω XY , mainly determines the rate at which RADMON samples the directions in the sky. The rotation rate and rotation axis of the spacecraft changes slowly over the mission period due to the disturbance torques from the environment, but until mid October 2017 typical values of a few degrees per second were observed for Ω XY , while at the same time the rotation rate around Z axis was large, more than 50 • /s, on average. This means that the spacecraft is rotating mainly around the Z axis. In the inertial frame, the spacecraft is mainly rotating around its Z axis, as well, but in addition this axis precesses around the direction of angular momentum at rates of about (10±4) • /s, as determined from the magnetometer data of the ADCS. Some nutation seems to be present as well. The precession rate mainly determines the rate at which RADMON scans the Sky. Unfortunately, the ADCS data is under-sampled so the actual attitude of the spacecraft at each time cannot be derived, even if the rotation rates can be obtained. From mid October until mid November, there is even no rates data from the ADCS system. The rotation rate Ω XY nevertheless increases over this period, and the increased rate of Ω XY is accompanied with an increase of the precession rate to ∼30 • /s in mid November. Starting from 12 November until 15 December 2017, Ω XY then increases from about 17 • /s to about 37 • /s and from mid November until the end of the main RADMON measurement period the rate at which the instrument scans the sky is large enough to fit more than one rotation in the integration time of 15 seconds. Thereafter, Ω XY increases more slowly to about 60 • /s in early February 2018. The changes in Ω XY are mainly related to the change of the main axis of rotation from the Z axis to the Y axis.
RADMON instrument
RADMON (Peltonen et al., 2014) is a small (0.4U, 360 g), low-power (1 W) and low-cost energetic particle instrument consisting of four subsystems: the detector unit, the analog board, the digital board, and the powersupply unit, integrated in a compact stack electrically connected via the instrument bus (a 52-pin PC/104 connector) and directly integrated to the spacecraft Printed Circuit Board (PCB) stack. The detector unit contains two detectors, a small (2.1×2.1×0.35 mm 3 ) Si detector and a larger cubic (1 cm 3 ) CsI(Tl) scintillator with a photodiode readout. The detectors form a stack producing two energy-loss signals per a detected particle, which are used in the standard ∆E-E analysis to derive the deposited total energy and the particle species. A 280 µm aluminum window on top of the detector stack together with the detection logic of the instrument sets the energy threshold for electrons to about 1 MeV and protons to about 10 MeV. This matter is discussed in detail by Oleynik et al. (2019) .
The analog board contains the bias generators, the analog amplifiers and the analog-to-digital converters (ADC) for the two channels that are continuously sampled at 10 MHz rate. The digital board performs all the signal processing from pulse detection to energy-loss determination and particle classification into the different spectral channels. The basic time resolution of the instrument was chosen to be 15 seconds, yielding a good compromise between counting statistics and spatial resolution corresponding to about 1 degree in latitude on the polar orbit of the spacecraft. The particle counting rates are delivered in nine nominal proton and five nominal electron channels. The responses of these channels are reported in detail by Oleynik et al. (2019) , where also a more detailed description of the instrument is presented.
While the electron energy channels of RADMON are quite integral in nature, especially the channels e2 and e3 respond primarily to electrons with cutoff energies of about 1.5 and 3.1 MeV, respectively. Channel e4 has a higher cutoff energy (6.2 MeV) and e5 responds primarily to very high-energy protons. Channel e1 is very narrow, just below e2, and has very few counts. This channel has practically been eliminated because of the need to increase the detection threshold of the scintillator channel that picks up noise from somewhere in the spacecraft system.
The first four proton channels are aimed at providing a measurement of differential proton spectrum at 10-40 MeV energies with relatively good energy resolution in the nominal range, but with some high-energy side bands that render their response rather integral. The remaining channels p5 to p9 have more involved responses but can be combined into a single channel at about 40-80 MeV with well defined response.
RADMON data
Because of the rotational state of the satellite, combining multiple RAD-MON measurements (i.e., the sum of multiple 15-seconds measurement intervals) corresponds to omni-directional (angle-averaged) intensities over given locations. This has been verified by analyzing the ADCS magnetometer measurements. Although these data are only available for some short time intervals, they allow to investigate the temporal variation of the pitch angle of the boresight direction of RADMON. The pitch-angle coverage depends on the relative orientation of the spacecraft Z axis and the local magnetic field, and cannot be derived in a deterministic way. Analysis of the scarce magnetometer data reveals different patterns: Sometimes RADMON covers the whole pitch-angle range during every 15-seconds interval but sometimes it scans a more limited and varying band of pitch-angle cosine values which is changing over a time range of about 15-30 minutes. Therefore in this work RADMON intensities are only used as averages of dozens or more of 15-seconds measurement intervals (see Fig. A.12 ). The lack of pitch-angle values for the measurements also means that RADMON measurements cannot be analyzed in terms of the adiabatic invariants. Thus, we will present the observations as a function of coordinates and time in fixed energy channels.
An example of RADMON measurements along the Aalto-1 orbit during one single day (2 December 2017) is shown in Fig. 1 , depicting the counting rates of >1.5 MeV electrons detected in channel e2. Clearly visible are already the higher rates at higher latitudes in both hemispheres. In addition, some increase in the South Atlantic anomaly (SAA) is also indicated. Note that the rate of scanning the sky during this measurement was about 30 • s −1 , so the counting rates correspond relatively well to angular averages even at the 15 s integration time of the instrument.
While Aalto-1 satellite was launched already in June 2017, first longer measurements with RADMON took place only in September 2017. During the first observation campaign RADMON calibration was not final. Thus, 10 October 2017 is regarded as the start point of the mission period. In Fig. 2 (top), the daily integration time of the RADMON instrument is given, with a green shading indicating the main measurement period analyzed later in this work. Count rate histograms over the whole mission period (October 2017 to May 2018) for two electron and two proton channels are presented in Fig. 2 (bottom) . Note that the overall lower proton count rates originate from the fact that protons were only detected in the SAA (cf. also Fig. 6 ). Only in this region the trapped protons of inner Van Allen radiation belt reach to lower altitudes (due to the weak magnetic field there), to the orbit of Aalto-1.
Analogous to Fig. 1 , in Fig. 3 the >1.5 MeV electron intensities of channel e2 are presented for geographical coordinates over the whole mission period. For better visibility, all measurements with an intensity of zero were neglected, and the highest measurement values have been plotted 'on top' of the lower ones. With this approach, the latitudes close to the poles can be identified as the regions with the highest detected intensities (sometimes called polar "horns"). For further analysis and in order to allow for a better comparison with other missions at different orbits, we move from the standard geographical coordinate system to altitude adjusted corrected geomagnetic (AACGM) coordinates. See Shepherd (2014) and reference therein for a detailed description of the AACGM system, and Burrell et al. (2018) for the corresponding Python library used for conversion. Figure 4 shows the data from Fig. 3 converted to AACGM coordinates. The overall picture stays the same but the polar "horns" are accurately aligned with latitude in the new AACGM coordinate system. In this high latitude regions the outer radiation belt reaches down to lower altitudes partly allowing the detection of the trapped particle population. This is indicated by Fig. 5 which shows the calculated L parameter (McIlwain, 1961) for Aalto-1 orbits for the main RADMON mission period from 10 Oct 2017 to 2 May 2018 in AACGM coordinates. L values have been calculated with SpacePy 0.1.6 (Morley et al., 2010) using the IRBEM 4.3 library (Boscher et al., 2004 (Boscher et al., -2008 with Olson and Pfitzer (1974) static model for quiet conditions as external and IGRF-12 (Thébault et al., 2015) as internal magnetic field. The two different colorbars for the L values correspond to the trapping conditions of locally mirroring particles: green-to-blue colors mark trapped particles on closed drift shells, yellow-to-red colors particles for which the mirror point in the southern hemisphere is in the loss cone or for which the drift shell hits Earth in the SAA, respectively. Note that these trapping conditions correspond to locally mirroring particles. Thus, it is a necessary condition for particles to be trapped. But the trapping region gets smaller and smaller if we allow the local pitch angle to differ from 90 • . The gap in the northern "horn" between North America and Europe can be attributed to the tilted Earth magnetic field which causes the mirror points of the trapped particles to be elevated in the northern hemisphere. These particles are lost to the atmosphere at the equivalent southern latitudes, visible by the higher intensities in the region south of the SAA. This overall picture has recently also been observed by e. g. the PROBA-V mission at a slightly higher altitude of 820 km. It needs to be pointed out that the apparently high electron intensities detected by RADMON in the SAA are not really electrons of the observed energy but mainly higher energy protons which contaminate and dominate the RADMON electron channels in this region. The contaminating proton energies can be estimated as >100 MeV (for electron channel e2), >80 MeV (e3), >70 MeV (e4), and >50 MeV (e5). More details on this instrumental effect can be found in Oleynik et al. (2019) . The combined intensity of all protons detected by RADMON over the whole mission period is presented in AACGM coordinates in Fig. 6 . Note that the empty region around the equator originates from the way the AACGM coordinates are derived. These low AACGM latitudes (<16.4 • ) are not accessible for the Aalto-1 altitude (cf. Shepherd, 2014) . 
Observation of magnetospheric dynamics
To illustrate the response of RADMON measurements to magnetospheric dynamics, in Fig. 7 the daily electron intensities with respect to the L parameter (as calculated in Sect. 3) are shown as time series over the main mission phase (green shading in Fig. 2) for the different instrument channels. Above the RADMON electron observations the Dst index obtained by OMNIWeb 1 is shown as a measure of the geomagnetic activity, with horizontal lines indicating small, moderate and intense storm levels. From Fig. 7 it is apparent that only the RADMON electron channels e2 and e3 depict the dynamic effects of the magnetosphere (channel e1 not shown here because it contains almost no data). The almost constant band at L values between 1 and 2 is the observed SAA region, which is dominated by higher energy protons. This becomes clearer in Fig. 8 , where the measurements of electron channel e2 are shown for all AACGM latitudes (top), only northern (middle) and only southern hemisphere (bottom), respectively. The northern hemisphere yields overall lower intensities, and does not have the SAA band at L < 2. Nevertheless, between L values of 4 and 8 it shows the same temporal structures as the observation in the southern hemisphere, which dominates the picture over all latitudes. The L > 3 region is connected to the outer belt, and shows much more variability with time. Both storms reaching the moderate storm Dst level produce strong enhancements in the outer belt electrons, while the small storms seem rather to lead to depletion of the outer belt from the most energetic electrons.
In the Appendix, the time series of proton measurements with respect to L value is presented in Fig. A.13 .
Comparison with PROBA-V/EPT
In order to further verify the RADMON measurements in the magnetosphere, a comparison with observations of the Energetic Particle Telescope (EPT) onboard the ESA minisatellite (volume <1m 3 ) PROBA-V (PRoject for OnBoard Autonomy-Vegetation) have been carried out. PROBA-V was launched on 7 May 2013 into a polar LEO with 98.7 • inclination and an altitude of 820 km. The EPT is a modular ionizing particle spectrometer consisting of a low energy section made up of two silicon detectors (using Fig. 7 ) and for the northern (middle) and southern hemisphere (bottom), respectively (z-axis gives color-coded arithmetic daily mean of intensities per bin -note that the color scale is the same for all panels).
the ∆E-E method), and a high energy section. The latter uses ten pairs of absorber material and attached silicon sensor to generate a digital signal with the only information which sensors have been triggered (i.e., yielding a given threshold). With this setup, the EPT is able to detect electrons from 0.5-20 MeV, protons from 9.5-300 MeV and He-ions from 38-1200 MeV .
Magnetospheric dynamics
In Fig. 9 the time series of RADMON e2 electron integral intensities (>1.5 MeV) with respect to L value (same as top panels of Figs. 7 and 8) is shown next to PROBA-V/EPT differential intensity measurements of electrons in the energy range 1-2.4 MeV. Although PROBA-V is at a higher altitude, the overall picture looks quite similar (note that while at comparable energies, the two measurements are in different units). Especially the outer belt dynamics (L values between 3 and 8) show the same temporal structures in the RADMON measurements, although slightly more coarse. In December 2017, however, RADMON e2 seems to be measuring lower intensities compared to the PROBA-V/EPT observations. This seems to be a spectral effect because looking at lower (e3; 0.9 MeV) and higher (e5; 5.2 MeV) EPT energies (Figs. A.14 and A.15, respectively) shows that EPT sees a clear spectral softening in the beginning of December, which would explain why the integral RADMON e2 channel would suffer a greater loss of signal than the differential EPT e4 channel. The spectral softening from November to December 2017 is clearly seen in RADMON data as well, with no signal in e4 (>6.2 MeV) over the background and even e3 channel (>3.1 MeV) background-dominated (cf. Fig. 7) . Because of the high background in these channels, it is not possible to derive a reliable spectral index from RAD-MON measurement. But the steep spectrum observed by PROBA-V/EPT (see Sect. 5.2) is consistent with the low levels of RADMON integral channels. The remaining reduction of counts in Aalto-1 orbit could be affected by the pitch-angle distribution at PROBA-V. Unfortunately, PROBA-V/EPT measurements do not cover well those pitch angles that would be observed by RADMON, i.e., between the loss-cone edge at ∼58 • and a value of ∼69 • , which is the limit of pitch angles in PROBA-V orbit for particles mirroring at Aalto-1 orbit. 2 This region of pitch angles could well be affected by Fig. 9 ) measured in integral flux by RADMON (red data points) and in differential flux by PROBA-V/EPT (blue data points), respectively. The dashed and dotted lines represent fits to the RADMON measurements in integral flux units (red) as well as converted to differential flux units (blue), respectively. RADMON channel e4 (>6.2 MeV) includes some amount of proton contamination, which is not subtracted here.
pitch-angle diffusion processes and would not necessarily show the same flux as for locally mirroring particles at PROBA-V. In fact, the observed pitchangle distribution indicates that the region near the center of the pitch-angle range has higher fluxes than the edges of the PROBA-V range.
Spectral comparison
To compare electron energy spectra of RADMON and PROBA-V/EPT, a period with high intensities is chosen in the L-dependent intensity time series (boxes in Fig. 9 ). During this selected period both instruments are connected to the outer belt electron population, giving higher statistics and less contamination in the RADMON electron channels. Figure 10 presents the spectra over this 12-day interval. Measured integral intensities of RADMON are shown as red data points with uncertainty ranges at their corresponding cutoff energies (omitting lowest and highest channel e1 and e5 because of low statistics and contamination, respectively) on the red (right) y-axis. On the blue (left) y-axis the differential intensities of PROBA-V/EPT are plotted as data points with the corresponding energy bin limits. In order to obtain comparable units, for the RADMON electron channel pairs e2 and e3 as well as for e3 and e4 two power laws for the integral intensities are fitted to the measurements, resulting in the dashed (dotted) red lines for lower (higher) energies, respectively. The integral intensities each are given by the equations
for lower and higher energies. From this equations the values of A and γ as well as A and γ can be obtained. The corresponding RADMON electron differential intensities for the two energy regimes can now be calculated by
and plotted as dashed (dotted) blue lines for the lower (higher) energy ranges in Fig. 10 . The RADMON differential intensity spectrum is consistent with EPT measurements at the presented lower RADMON energy range, with RADMON detecting slightly lower intensities for the selected time (and L value) range. This extent of EPT intensities by a factor of 2 is consistent with the higher orbit of PROBA-V compared to Aalto-1. RADMON is detecting more counts than EPT at the higher energy channel e4. On the other hand, this channel is more prone to proton contamination, and from Fig. 7 it is already visible that its statistics are less convincing. We also analyzed the spectra in the low-intensity period in December, namely 11 to 21 December 2017 at 4.5 < L < 5.25. RADMON shows a clear increase over the background only in the channel e2 so the spectral index cannot be determined from those measurements. However, PROBA-V/EPT measurements can be analyzed for the spectral shape. The power-law spectral index around 1 MeV is about γ = 7.4 for this time period. Using that value to convert the corresponding average integral intensity in RADMON e2 to a differential intensity at 1.5 MeV compares very well with the EPT value, being about 60% of the fitted value at EPT. Thus, we are confident that the Figure 11 : L spectra of 1.5 MeV and 1.7 MeV electrons measured by RADMON and PROBA-V/EPT from 9 to 20 Nov 2017 (as indicated by the x-values of the boxes in Fig. 9 ). EPT differential intensities (blue legend) refer to the left y-axis, RADMON integral intensities (red legend) to the right y-axis. Plotted by dashed black line is RADMON proton channel i4 (>31 MeV). Marked by vertical lines is the L range used for the energy spectra calculation in Fig. 10 .
clear reduction of RADMON intensities in December 2017 is a real effect and mostly related to the soft spectrum prevailing over the period.
In addition to the electron energy spectra of Fig. 10 , in Fig. 11 the L spectra of RADMON and PROBA-V/EPT measurements from 9 to 20 November 2017 at 1.5 MeV (e2) and 1.7 MeV (e4), respectively, are presented. For this purpose, all intensities are assigned correspondingly to the L value at which they were obtained to L bins of width 0.05. For each L bin then the arithmetic mean is calculated. Note that EPT measurements of differential intensities are plotted with respect to the left y-axis, whereas RADMON's integral intensities refer to the right y-axis. RADMON electron channels e2 and e3 are sensitive to high energy protons of >100 MeV and >80 MeV, respectively. Because of that in addition the RADMON proton channel i4 (>31 MeV) is shown. Except for very low L values <2.5 where proton contamination from the inner belt is altering the results, the spectral shapes of RADMON e2 and EPT e4 observations are in good agreement. This is especially true for the range 3.75 < L < 5.25 (marked by vertical lines) for which the energy spectra were calculated and compared. Only for the higher end of analyzed L values the RADMON e2 intensities are varying more and tend to differ from the EPT e4 findings. In this range, as for the low L values, the statistics are worse compared to the intermediate range. Around L values of 2.5-3 RADMON e2 shows some kind of bulge in the intensities which is not observed by EPT e4. The reason for this could be consistent with a spectral change in this region because in contrast to EPT the RAD-MON electron channels are integral channels which are sensitive to higher energies, too. And such a bulge-like intensity enhancement can also be seen in the higher energy channels EPT e5 and RADMON e3.
RADMON data release
The RADMON data set is made publicly available 3 in energy channels provided in Tab. 1. The electron channels e2 to e4 are the electron channels directly provided by the measurements. The proton channels i1 to i5 are obtained by summing the counts in the measurement channels, i.e., i1 corresponds to protons in channels p1 to p9, i2 to protons in channels p2 to p9, and so on. This allows us to provide the measurements in channels with well-defined responses that are much easier to interpret than the directly measured proton channels that have more irregular responses. The response functions are presented in detail in Oleynik et al. (2019) .
Summary
In this paper we have presented the first results of the RADMON instrument on-board the Aalto-1 CubeSat. It has been demonstrated that RADMON -although very limited in its available resources -is capable of measuring the integral intensities of electrons above 1.5 MeV and protons above 10 MeV in LEO, reflecting the dynamics of the radiation belts in the magnetosphere. A comparison of electron energy spectra obtained by PROBA-V/EPT at a ∼300 km higher altitude shows that RADMON's 1.5 MeV measurements are in agreement with the expectations of increasing intensities with height, while at higher energies RADMON and EPT indicate some discrepancies. An additional analysis of L spectra obtained for electrons of 1.5 MeV (RADMON) and 1.7 MeV (EPT), respectively, demonstrates that at intermediate L values between 3.5 and 8, where a connection to the outer belt is prevalent, both missions show the same L dependence for intensities. A data set with reliable RADMON measurements has been made available to the scientific community. and histograms of proton intensities with respect to L parameter obtained by the different RADMON proton combination channels (i1 to i5 in Tab. 1) from 10 Oct 2017 to 21 Dec 2017 (z-axis gives color-coded arithmetic mean of count rate per bin). Note that channels i1 to i4 are integral intensities whereas i5 are differential intensities. 
